Summary: A molecular epidemiological investigation was conducted among various risk populations (n = 184) in Kuala Lumpur, Malaysia, in 2003, on the basis of nucleotide sequences of protease and reverse transcriptase regions. In addition to circulating HIV-1 strains, including CRF01_AE (57.1%), subtype B (20.1%), and subtype C (0.5%), we detected a candidate with a new circulating recombinant form (CRF). We determined four near-full-length nucleotide sequences with identical subtype structure from epidemiologically unlinked individuals of different risk and ethnic groups. In this chimera, two short subtype B segments were inserted into the gag-RT region in a backbone of CRF01_AE. The recombinant structure was distinct from previously identified CRF15_01B in Thailand. In agreement with the current HIV nomenclature system, this constitutes a novel CRF (CRF33_01B). The overall prevalence of CRF33_01B is 19.0% (35/184). Although the prevalence of CRF33_01B is particularly high among injecting drug users (42.0%, 21/50), it is also detected in a substantial proportion of homo-/bisexual males (18.8%, 3/16) and heterosexuals (9.8%, 9/92). Moreover, unique recombinant forms composed of CRF01_AE and subtype B that have a significant structural relationship with CRF33_01B were detected in 1.6% (3/184) of study subjects, suggesting an ongoing recombination process in Malaysia. This new CRF seems to be bridging viral transmission between different risk populations in this country.
The main route of HIV transmission in Malaysia is through injecting drug use, which accounts for 75% of all reported HIV cases ( HIV-1 exhibits a tremendous genetic diversity that is driven by high rates of mutation (3 3 30 25 sites/genome/replication cycle) and recombination (2-3 crossovers/replication cycle), coupled with high viral turnovers (. 10 9 per day) and persistent nature of infections (300 replication cycles/year). 5 By these mechanisms, HIV-1 group M, which is largely responsible for the global pandemic, has diversified into 11 subtypes and sub-subtypes (A1, A2, B, C, D, F1, F2, G, H, J, and K) and various types of recombinants (http://hivweb.lanl.gov/). HIV-1 recombinants with epidemic spread are known as circulating recombinant forms (CRFs). Thirtytwo CRFs are currently recognized. 6 Four CRFs have been reported so far in Asia: CRF01_AE and CRF15_01B in Thailand and CRF07_BC and CRF08_BC in China. To define a CRF, at least three epidemiologically unlinked HIV-1 sequences with identical mosaic structures should be characterized, at least two of them in near-full-length genomes (.8 kb). 7 In addition to CRFs, various types of unique recombinant forms (URFs) that were detected in a single individual or a single epidemiologically linked cluster have been identified in the region, where the multiple lineages of HIV-1 strains cocirculate in the same population.
In the early phase of the Thai epidemic, two HIV-1 strains-CRF01_AE and subtype B# (Thai variant of subtype B)-were circulating relatively independently among different risk populations. CRF01_AE was distributed among persons at risk of sexual exposure, while subtype B# was distributed mainly among injecting drug users (IDUs). 8, 9 However, by 1999 it was reported that CRF01_AE accounted for .50% of new infections among IDUs. [10] [11] [12] Cocirculation of CRF01_AE and subtype B# in Thailand led to the generation of various forms of CRF01_AE/B# recombinants, [13] [14] [15] [16] [17] [18] including CRF15_01B. 19 A similar molecular epidemiological trend has been observed in Malaysia. Studies conducted in 1992 to 1997 showed that CRF01_AE and subtype B# were prevalent among 81% of heterosexuals and 55% to 92% of IDUs, respectively. [20] [21] [22] However, more recent studies based on partial protease (Pro) and reverse transcriptase (RT) sequence data suggested the emergence of new forms of CRF01_AE/B recombinants in Malaysia. 23, 24 For the present study, we characterized near-full-length nucleotide sequences of CRF01_AE/B recombinants from eight epidemiologically unlinked individuals to define a novel CRF and other recombinant forms emerging in Malaysia and discuss herein their epidemiological and biological implications.
MATERIALS AND METHODS

Study Subjects and Specimens
All subjects (n = 184) were recruited between July 2003 and August 2005 in the HIV clinic of the University Malaya Medical Center (UMMC), Kuala Lumpur. This study was approved by the UMMC Medical Ethics Committee. Information on the patients' clinical and epidemiological backgrounds was collected from the HIV patient-management database. Study subjects included 50 IDUs, 92 heterosexuals, 14 male homosexuals, 2 male bisexuals, 4 persons who were infected from their mothers (mother-to-child transmission, MCT), and 22 cases with unknown risk factors. Subjects consisted of 150 adult males with an age range of 19 to 67 years old (mean: 38.2 6 8.9 years old) and 31 adult females with an age range of 26 to 53 years old (mean: 36.0 6 7.9 years old). Three MCT adolescents (2 males, 1 female) ranging in age from 5 to 9 years old (mean: 7.7 6 2.3 years old) were also included. Specimens from these 184 patients were serologically determined to be HIV-1 positive. No HIV-2 infections were detected. HIV-1 genotypes were screened on the basis of the Pro and RT regions using plasma HIV-1 RNA, as described previously. 23, 24 Viral Isolation, Near-Full-Length DNA Amplification, and Sequencing
Peripheral-blood mononuclear cells (PBMCs) from selected patients were separated on Ficoll-Hypaque density gradient centrifugation (Amersham Biosciences AB, Uppsala, Sweden). For virus isolation, PBMCs from HIV-1-positive individuals were cocultured with phytohemagglutinin-stimulated (1 mg/ml) CD8 + T-cell-depleted PBMCs (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) from HIV-negative healthy donors in RPMI 1640 containing 10% fetal calf serum and interleukin-2 (20 U/mL). Virus production was detected by a virion-associated RT assay as described previously. 25 HIVinfected PBMCs were harvested, and proviral DNA was isolated with guanidine detergent (Invitrogen, Carlsbad, CA). Near-full-length viral DNA was amplified with primers pbsA (5#-AGT GGC GCC CGA ACA GG-3#; nucleotide positions relative to HXB2: 634-650) and 9KU5B (5#-GGT CTG AGG GAT CTC TAG TTA CCA G-3#; nucleotide positions relative to HXB2: 9666-9690) by the Expand Long Template PCR System (Roche Diagnostic GmbH, Penzberg, Germany), gelpurified, and TA-cloned with the pCR-XL-TOPO vector (Invitrogen). 26, 27 Positive clones were selected, and the nearfull-length genome of ;9.1 kb was directly sequenced with an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA) using the primer-walking method. For plasma samples, HIV-1 RNA was reverse-transcribed and nested-PCR-amplified to produce 10 overlapping fragments; directly sequenced; and then assembled to generate the near-full-length genomes. Primers were carefully designed to obtain sufficient numbers of overlapping nucleotides to ensure that recombinants were not generated by assembling the sequence fragments derived from different HIV-1 subtypes that had been amplified from an individual (primer sets and PCR parameters are available upon request).
Phylogenetic Analysis
Nucleotide sequences were aligned manually using SeAl, version 1.0, 28 with HIV-1 reference subtypes and CRFs from the HIV database (http://hiv-web.lanl.gov/). Phylogenetic trees were constructed by the neighbor-joining method 29 based on the Kimura two-parameter model with a transition-totransversion ratio of 2.0. 30 The reliability of the branching orders was tested by bootstrap analysis of 100 replicates. Bootscanning and informative-site analyses were performed using SimPlot, version 3.5, 31 with a sliding window of 250 nucleotides overlapped by 50 nucleotides to define the recombinant structure. The origin of each segment was analyzed by subregion neighbor-joining tree analysis. 
RESULTS
HIV-1 Genotype Distribution in Malaysia
HIV-1 genotypes circulating among various risk populations (n = 184) were determined by phylogenetic and recombination breakpoint analyses based on the nucleotide sequences of the Pro and RT regions. Distribution of HIV-1 genotypes in Malaysia is currently as follows: CRF01_AE (105/184, 57.1%), subtype B# (37/184, 20.1%), and subtype C (1/184, 0.5%) (Fig. 2) . A substantial proportion (41/184, 22.3%) of specimens showed unique subtype structure composed of CRF01_AE and subtype B.
23, 24 The majority of them (35/184, 19.0%) harbored the identical subtype structure, and a small proportion of specimens (6/184, 3.3%) displayed different profiles of recombinant structure. We designate these two groups of Malaysian HIV-1 recombinant strains as the major recombinant form (major RF) and the minor RF, respectively. The prevalence of the major RF was highest among IDUs (42.0%, 21/50), but it was also found among other risk populations: male homo-/bisexuals (18.8%, 3/16) and heterosexuals (9.8%, 9/92; Fig. 2 ).
Near-Full-Length Nucleotide Sequence Analysis Detects New CRF in Malaysia
To characterize the detailed subtype structure of new HIV-1 recombinant strains in Malaysia, we determined nearfull-length nucleotide sequences of HIV-1 strains from eight epidemiologically unlinked individuals who are infected with either major RFs (n = 4) (05MYKL007.1, 05MYKL015.2, 05MYKL031.1, and 05MYKL045.1) or minor RFs (n = 4) (04MYKL016.1, 03MYKL018.1, 04MYKL019.1, and 05MY KL043.1) ( Table 1 ). The bootscanning plot of near-full-length nucleotide sequences revealed that four major RFs indeed displayed the identical recombinant structure composed of CRF01_AE and subtype B (Fig. 3A) . In this chimera, two short subtype B segments are inserted into a backbone of CRF01_AE. The profile of the subtype structure of Malaysian major RFs is distinct from that of CRF15_01B previously reported in Thailand, 19 where most of the env region belongs to subtype B in a backbone of CRF01_AE (Figs. 3B, C) . In major RFs, a total of four recombination breakpoints (sites I-IV in Fig. 3C ) are found to be clustered in a 0.9-kb region in gag-RT gene. The subregion tree analysis demonstrated that CRF01_AE segments (regions 1 and 5 in Fig. 3B ) in major RFs belonged to the cluster of Thailand CRF01_AE, indicating that these segments indeed originated from CRF01_AE of Thai origin. However, region 3 (121 bp) was too short to discern its origin from either African or Thailand CRF01_AEs. Similarly, we were not able to discern whether subtype B segments (regions 2 and 4) originated from subtype B# because subtypes B and B# are phylogenetically indistinguishable in the Pro-RT region (Fig. 3B) .
On the other hand, minor RFs (n = 4) showed a different degree of structural relatedness with major RFs. In particular, site II in Pro region is shared between major RFs and three minor RFs (1.6%, 3/184) (04MYKL016.1, 04MYKL019.1, and 05MYKL043.1; Fig. 3C) . Similarly, the recombination breakpoints in gag p7 (site I) and RT (site IV) regions in major RF are shared with 04MYKL016.1 and 05MYKL043.1, respectively. 03MYKL018.1 is the most distantly related recombinant that shows no obvious structural relatedness with other RFs, while 05MYKL043.1 is most closely related with major RFs, sharing two recombination breakpoints (sites II and IV) but harboring slightly longer subtype B segments in gag-Pro and Pro-RT regions than major RFs (Fig. 3C) .
Consistent with the results of recombination breakpoint analyses, the phylogenetic tree analysis of near-full-length nucleotide sequences showed that four major RFs (05MYK L007.1, 05MYKL015.2, 05MYKL031.1, and 05MYKL045.1) and the most closely related minor RF (05MYKL043.1) formed a monophyletic cluster with high bootstrap values (93%) (Fig. 3D) . In contrast, three other minor RFs (04MYKL016.1, 03MYKL018.1, and 04MYKL019.1) are located outside any of the CRF01_AE-related sequences, including CRF15_01B (Fig. 3D) .
Characterization of the Recombination Breakpoints in Malaysian RFs
To search for the possible sequence signatures near the subtype boundaries in Malaysian RFs, we mapped out all four recombination breakpoints (sites I-IV in Fig. 3C ) estimated by informative site analysis (Fig. 4) . It is noted that the homopolymeric nucleotide tracts (polyadenine (A $4 ), polyguanine (G $3 ), polycytosine (C $4 ), or polythymine (T $4 )), known to pause in vitro reverse transcription and promote template switch, 32, 33 are observed within or adjacent to all four recombination breakpoints. In particular, a characteristic homopolymeric nucleotide tract, the A 6 GA 6 sequence, was found within site IV (in the RT gene). Similarly, noncontiguous sets of homopolymeric tracts, A 5 /G 5 /T 4 sequence, were observed within site II (in Pro gene). It is also noted that sites I and III are located adjacent to the boundaries between gag p7 and p1 and between Pro and RT, respectively (Fig. 4) .
DISCUSSIONS
In the present study, we identified a novel CRF (CRF33_01B) composed of CRF01_AE and subtype B in Malaysia. Four sets of near-full-length nucleotide sequences with identical recombinant structure were determined from epidemiologically unlinked individuals with different risk factors and ethnicities in Malaysia (Table 1 ). This new chimera displays the recombinant structure distinct from any other CRFs reported to date, including CRF15_01B identified in Thailand. 19 The prevalence of CRF33_01B was particularly high among IDUs (42.0%, 21/50), compared with other risk populations (18.8% (3/16) in male homo-/bisexuals; 9.8% (9/92) in heterosexuals; Fig. 2 ). This may suggest that CRF33_01B first emerged among IDUs and subsequently spread to other risk populations. 23, 24 In addition to this new CRF33_01B, we detected six minor RFs consisting of CRF01_AE and subtype B. Among them, we determined the near-full-length nucleotide sequences of four minor RFs (Table 1) . Most of them (except 03MYKL018.1) seem to share the recombination breakpoints with those of CRF33_01B (Fig. 3C) . This suggests that they are closely related relatives and are most likely to be secondary recombinants derived from CRF33_01B that were generated by subsequent crossover(s) with either CRF01_AE or subtype B strain circulating in Malaysia.
The sequence characteristics found in or near the recombination breakpoints in CRF33_01B are suggestive of the following traits: (i) The homopolymeric tracts, known to pause in vitro reverse transcription and promote template switch (retroviral recombination), 32, 33 are detected within or adjacent to all four recombination breakpoints in CRF33_01B (sites I-IV in Fig. 3C ). Particularly, site II recombination breakpoint in Pro gene that contains a characteristic set of noncontiguous homopolymeric tracts, A 5 /G 5 /T 4 sequence (Fig. 4) , was shared with three out of four minor RFs (05MYKL043.1, 04MYKL016.1, and 04MYKL019.1; Fig.  3C ). Interestingly, this recombination breakpoint (site II) is shared with some of CRF01_AE/B recombinants reported in Thailand (unpublished data). It is thus tempting to speculate that site II may be one of the preferred sites for in vivo recombination. (ii) Some recombination breakpoints are found near the boundaries of functional domains of HIV-1 proteins: sites I and III are located adjacent to the boundaries between gag p7 and p1 and between Pro and RT, respectively (Fig. 4) . This may reflect the selection pressure to maintain the functional integrity of HIV-1 proteins in recombination processes. Extensive dissemination of this new CRF over CRF01_AE and subtype B particularly among IDUs in Malaysia may suggest the presence of yet undefined selective advantages over parental strains.
Finally, we observed a unique parallelism of the transition in molecular epidemiological features of HIV-1 epidemics between Thailand and Malaysia. In the early phase of the Malaysian epidemic, CRF01_AE and subtype B# were circulating relatively independently among heterosexuals and IDUs, respectively, similar to the early stage of the Thai epidemic. 8, 9 However, Tovanabutra and others recently reported that in a high-risk cohort in northern Thailand, CRF01_AE/B recombinants began to be identified in 2001 at 8.3% of incident cases and increased to 57.1% in 2002. 18 Due to the lack of availability of archival HIV specimens in the current study, we were not able to pinpoint the timing of emergence of CRF33_01B. However, the relatively long branch length of the CRF33_01B cluster (interstrain genetic diversity of 6.06 6 0.50% (n = 4, isolates collected in 2005) compared with the interstrain genetic diversity of 3.10 6 0.55% for Thailand CRF01_AE cluster (n = 4, isolates collected in 1990-1997) in near-full-length genomes) (Fig.  3D) suggests that the timing of the origin of CRF33_01B could be dated back to mid-1990s (unpublished data).
In summary, we report herein on a novel CRF that is circulating widely among various risk groups in Malaysia. 
